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COMPOSITE SCINTILLATORS AND SOME
FEATURES OF THEIR RADIATION RESISTANCE

1. Introduction

Nowadays, composite scintillators find applications in a growing number of tasks dealing with
the detection of ionizing radiation.
scintillation materials. With the emergence of a new generation of accelerators, the radiation
load on detectors is significantly increased. Therefore, the development of materials with high
radiation resistance for radiation detectors becomes an important task. We propose to apply
composite scintillators as radiation-resistant materials. The most important factor is that irra-
diation can significantly modify the characteristics of a scintillation material. The aim of this
work was to study the specific features of possible radiation-induced damages and transforma-
tions in composite scintillators under the action of ionizing radiation. A comparative analysis
of the relative light yield, transmittance, and luminescence spectra, as well as their depen-
dences on the accumulated dose, is carried out for various composite scintillators containing
grains of organic or inorganic single crystals, such as Gd2SiOs:Ce, Gd2Siz O7:Ce, AloOs : Ti,
Y25i05:Ce, and Y3Als O12:Ce. Probable mechanisms of radiation-induced changes occurring
in scintillators under irradiation are proposed, and the influence of those processes on the
radiation resistance of composite scintillators is analyzed.

They have several advantages in comparison with other

Keywords: composite scintillators, radiation resistance.

Materials of this type can be manufactured by link-
ing grains with one another with the help of the

The development and creation of new scintillation
materials is a challenging task both in Ukraine and
throughout the world. The idea to create a new type
of organic scintillation materials not in the form
of a continuous medium, but as an inhomogeneous
material containing chaotically oriented scintillation
single-crystalline grains, was proved by us to be
promising as long ago as in 1998-2003 [1-3]. Unlike
organic single crystals, plastics, and liquids, those
materials are not homogeneous, but heterogeneous
ones, whose microscopic inhomogeneities govern their
macroscopic parameters.
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hot pressing, when the grains become sintered to-
gether, or by inserting the grains into a transparent
gel-composition (in order to fix the grains as nuts in a
piece of chocolate). We called the materials of the first
type (van der Waals ceramics) as organic polycrys-
tals, and those of the second type as composite scin-
tillators. The community started to study those ideas
more actively after 2011, when it was proved that the
unique properties are inherent to composite scintil-
lators containing not only organic-scintillator grains,
but also grains of inorganic scintillation crystals [3—
11]. After our first publications, our colleagues from
the Niederlands, the Republic of Korea (the South
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Korea), Poland, and the Russian Federation started
to actively develop this problem. These mainly were
our mutual works with foreign scientists from the
mentioned countries, except those from the Russian
Federation [3-5,7,9, 10, 12].

Composite scintillators have a number of advan-
tages in comparison with other scintillation materials.

1. A composite scintillator is cheaper and simpler
in manufacture than single crystals. In some cases,
the expensive stage of single-crystal growing can be
omitted, or a waste material obtained, when treat-
ing single crystals, can be used. In the latter case,
the main loss of a scintillation material, which could
take place during its treatment, is absent, because the
treatment itself is not required.

2. The creation of large, almost infinite areas is pos-
sible. A specially prepared gel-composition can link
separate parts of the scintillator into a single speci-
men [13|. There are no technological restrictions on
the number of such links.

3. Not only the specimen size, but also the dimen-
sions of grains grains can be varied. This possibility
enhances the control the material properties and af-
fects the detection selectivity with respect to ionizing
radiation |7, 8].

A technology of creation of new types of organic
scintillation materials for the efficient registration of
fast and thermal neutrons has been proposed ear-
lier. It made possible to create detectors with no re-
strictions on the area and shape of an input window
[5,7]. The obtained scintillation materials and detec-
tors on their basis are universal, simple in application,
and can be used in a wide spectrum of tasks associ-
ated with the detection and identification of ionizing
radiation.

Recently, we got interested in a new application
of those objects, which are unique by their proper-
ties. After the appearance of a new generation of ac-
celerators, the radiation load on the detectors in those
accelerators is substantially increased. For example,
in experiments on the Large Hadron Collider (LHC),
the radiation dose for the scintillation detectors can
reach 10-100 Mrad and, in accordance with the plans
of an LHC modernization, it is intended to be made
even higher in the future (see, e.g., work [14]). Such
factors determine a special importance of searching
for new radiation-resistant scintillation materials.

After the irradiation, the scintillation material can
reveal a degradation of its parameters. Therefore,
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we should specify what we mean under the term
“radiation-resistant material”. The radiation resis-
tance is not a constant criterion for a specific irra-
diation dose D. There is a complicated system of re-
lationships for the parameters before (D = 0) and
after the irradiation to every separate dose D and
for each material in the framework of that or another
problem. In our case, following the classical definition
given by Birks, we will consider a scintillator to be
radiation-resistant to the irradiation dose D, if the
ratio between the value of a certain key parameter
corresponding to this dose, Ap, and its value before
irradiation, Ay, changes by a factor less than two [15],
ie. if

Arel = Ap/Ao > 0.5. (1)

Criterion (1) will be used for the values of the rela-
tive light yield L, and the relative optical transmit-
tance Tre. These quantities were calculated accord-
ing to Eq. (1) on the basis of experimental data ob-
tained for the corresponding exposure doses D and
for D = 0.

Therefore, in this work, we will analyze and dis-
cuss the features in the manifestation of the radiation
resistance of composite scintillators and the proba-
ble mechanisms of radiation-induced destructions and
transformations in scintillators under the action of
ionizing radiation. The analysis is based on the re-
sults obtained in our previous works.

2. Experimental Part

The samples to be studied were fabricated by crush-
ing crystals (wastes of the single-crystal manufacture)
and inserting the obtained grains into a gel-composi-
tion. Afterward, the latter was held till its complete
polymerization. Irradiation was performed, by using
10-MeV electrons on a linear accelerator at the Na-
tional Science Center Kharkiv Institute of Physics
and Technology.

The light yield was determined from the results of
measurements of scintillation amplitude spectra. The
corresponding error amounted to 5%. The amplitude
scale linearity was verified, by using the radionu-
clide sources 24! Am (17 keV), 137Cs (32.7 keV), 1°2Eu
(41 keV), 2*'Am (59.6 keV), 52Eu (77.9 keV), and
152Fu (122.0 keV). The value of the relative light yield
was obtained as the ratio between the scintillation
amplitudes for the examined and reference samples
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subjected to the irradiation with gamma quanta emit-
ted by 37Cs, alpha particles emitted by 23°Pu, and
photons emitted by 24! Am. As a reference specimen,
a single crystal with the same chemical composition
as in grains of the composite scintillator was chosen.

The optical transmittance was measured on a
two-channel spectrophotometer Shimadzu-2450. The
comparison channel remained empty, so that the op-
tical transmittance was measured with respect to air.
The measurement error amounted to 0.5%. Lumines-
cence spectra were registered on a spectrofluorimeter
Varian Cary Eclipse.

3. Choice of the Composite
Scintillator Matrix and Researches
of Its Radiation Resistance

In work [16], scintillators on the basis of poly-
dimethyl-co-diphenylsiloxane and polymethylphenyl-
co-methylhydrosiloxane were studied. The researches
showed that those systems activated by molecules of
some organic luminophores possess a higher radiation
resistance (to 30 Mrad) than plastic scintillators on
the basis of standard matrices, like polystyrene.

One of the shortcomings inherent in such systems
is the presence of benzene rings, because the latter
have a tendency to be easily destroyed under irradia-
tion, whereas the probability of their self-restoration
is low. However, the main point in this issue concerns
the damage and restoration of the centers that can di-
rectly affect the luminescence of the scintillator ma-
trix. This influence may worsen the optical properties
of the matrix, whereas the latter has to be resistant
to the action of high ionizing radiation fluxes.

Unlike other scintillators, the matrix of composite
scintillators must not scintillate. Radioluminescence
arises in scintillation grains located in the non-
luminescent matrix material. Owing to this feature of
composite scintillators, we obtained an opportunity
to make the most important step to the manufacture
of radiation-resistant scintillators. We changed from
matrices containing benzene rings to polysiloxanes,
which do not contain them. Since the matrix of our
composite scintillators is not luminescent, it can af-
fect the luminescence of a composite scintillator only
by varying its transparency in the luminescence band
of grains.

In the experiments that will be analyzed below,
we chose the dielectric gel-composition Sylgard-184
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on the basis of polymethylsiloxane. It is radiation-
resistant in the whole interval of doses, D < 90 Mrad,
which were used in the experiments aimed at the
selection of gel-compositions [17]. The transparency
of this gel-composition to light with the wavelengths
A > 390+400 nm (this is the luminescence band of
experimental grains) decreased from 90% to 87%,
i.e. only by 3%, under irradiation to all D (D <
< 90 Mrad). For longer light wavelengths, this dif-
ference remains the same or becomes even smaller. A
more detailed research and a substantiation of our
choice of the dielectric gel-compositions can be found
in work [17].

4. Radiation Resistance
of Organic Materials

4.1. Organic crystals, polycrystals,
composite and plastic scintillators

Composite scintillators on the basis of grains of or-
ganic single crystals are efficient for the registration
of alpha-particles and fast neutrons. They are also
used in combined neutron detectors for the separate
detection of fast and thermal neutrons against the
gamma-radiation background [7,18]. Those materials
are rather promising for the tasks of radioecology.

However, the researches of the radiation resis-
tance of organic single crystals and polycrystalline
and composite scintillators (Fig. 1) on the basis
of grains of molecular single crystals showed that
those scintillators are not radiation-resistant even at
a dose of about 0.5 Mrad [13]. In Fig. 1, the rela-
tive light yields of composite scintillators on the ba-
sis of single-crystalline grains are depicted. Curves 1
and 2 composite scintillators with granule dimensions
of 0.5-1 and 2-2.5 mm, respectively; and curve 3
to a polycrystal obtained by the hot pressing of
thin (narrower than 1 mm) flakes grown up from a
solution.

In the standard plastic scintillators, the scintilla-
tion signal diminishes by more than twice, if the ra-
diation dose is lower than 10 Mrad [13]. This result
completely agrees with the data obtained in works
[16, 19].

4.2. Organic luminophores
at ultralow concentrations

Since the composite scintillators containing grains of
organic crystals are not radiation-resistant, we de-
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cided to introduce molecules of organic luminophores
with ultralow concentrations into the gel-composition
and to study the obtained systems with respect to
their radiation resistance. In this case, the prob-
ability for ionizing radiation to directly interact
with luminophore molecules is extremely low, so
that the radiation resistance is determined by
the parameters of the dominating (by its con-
tent) substance. In the way, such systems can be
used as light guides. The values of optical trans-
mittance for such systems are shown in Figs. 2
and 3.

Figures 2 and 3 demonstrate that the systems
concerned are rather radiation-resistant with re-
spect to their optical transmittance, because the
optical transmission coefficient does not fall even
by two times within the luminescence interval of
those luminophores. One can also see that the op-
tical transmittance decreases in the short-wave re-
gion, which is associated with the absorption band
of luminophore molecules introduced into the gel-
composition. Proceeding from those measurements,
we may assert that the systems with p-terphenyl lu-
minophore molecules are radiation-resistant to doses
not lower than 170 Mrad, and with introduced 1,4-di-
[2-(5-phenyloxazolyl)|benzene (POPOP) molecules to
doses of 120 Mrad. The luminescence spectra of those
systems are depicted in Figs. 4 and 5.

From Figs. 4 and 5, one can see that the growth
of the accumulated dose D gives rise to the appear-
ance of a new structureless luminescence band in the
longer-wave spectral section. According to our hy-
pothesis, this shift can be observed due to the for-
mation of chemical dimers between the molecules of
luminophores and the matrix. In the case of benzene-
ring destruction or detachment, a hypochromic shift
would have been observed. However, in our case, the
opposite displacement — namely, the bathochromic
one — is observed, which can also testify to the for-
mation of dimers. In work [16], it was proved that
polysiloxanes have a tendency to form dimers with
luminophore molecules, the so-called exciplexes, un-
der the action of ionizing radiation.

The results obtained for the materials, which can
be used as optical shifting light guides (the impurity
concentration is very low, so that reabsorption is in-
finitesimally small), testify that POPOP is radiation-
resistant to doses of 105-110 Mrad, and p-terphenyl
to doses not lower than 170 Mrad.
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5. Radiation Resistance
of Inorganic Composite Scintillators

As was indicated above, the organic scintillators are
not radiation-resistant materials under irradiation
even to the dose D =~ 10 Mrad. Therefore, we de-
cided to study the composite scintillators on the ba-
sis of grains of inorganic single crystals Gd,SiOs5: Ce
(GSO), GdQSi207 :Ce (GPS)7 A1203 : T‘l7 YQSIO5 :Ce
(YSO), and Y3A15012 :Ce (YAG)

5.1. GSO- and GPS-based
composite scintillators

The light yield of GSO single crystals is convention-
ally estimated as 8000-12000 photon/MeV (the light
yield ratio between GSO and Nal(T1) single crystals
falls within the limits from 0.2 to 0.25). The light
yield of GPS single crystals equals 30000-40000 pho-
ton/MeV [8]. The light yield of the composite scintil-
lators on the basis of GSO and GPS grains with re-
spect to that of single crystals with the same chemical
composition amounts to about 90% and 60%, respec-
tively. The decay time for the composite scintillators
amounts to 40-45 ns [20]. According to the results ob-
tained by M. Tanaka et al. in work [21], GSO single
crystals can be activated. The activation of GSO and
GPS is a very interesting problem. Nevertheless, this
is not an uneasy problem. It consists of several parts,
depending on the type of irradiation (charged parti-
cles, neutrons), concentrations of Ce, which can be ac-
tivated by charged particles, and so forth. Hence, this
problem has to be studied separately and carefully.

Luminescence excitation maxima for the compos-
ite scintillators on the basis of GSO and GPS grains
are located in the intervals A ~ 360390 nm and
A =~ 360+380 nm, respectively. The wavelengths of
luminescence maxima for GSO and GPS crystals
amount to 440 and 395 nm, respectively [22]. The
photoluminescence spectra for the composite scintil-
lators containing GSO or GPS grains did not vary
before and after the irradiation. This result testifies
that, unlike the composite scintillators on the basis of
organic grains [13], new luminescence centers do not
appear in the scintillators on the basis of GSO and
GPS grains after the irradiation.

Figure 6 demonstrates, as an example, the opti-
cal transmittance spectra obtained for the compos-
ite scintillators 4 mm in thickness on the basis of
GSO grains and measured before and after their ir-
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radiation. The T'(A\) dependences at A < 440 nm
(GSO) or A < 395 nm (GPS) practically repro-
duce the shape of the same dependence for the pure
gel-composition. Those values correspond to the low-
transparency band of the gel-composition, in which
the value of T grows with A until the saturation. For
the transmission band of the pure gel-composition
(A > 390 nm), the value of T is close to 80-90%
[17]. However, the transmittance dependences have
not only one minimum of 7" at A &~ 310 nm (this is
the absorption maximum of the gel-composition [17]),
but also minima in a vicinity of A ~ 360380 nm (ab-
sorption for GPS grains) or A &~ 360+-390 nm (absorp-
tion for GSO grains). Scintillation light mainly propa-
gates within the wavelength interval near A ~ 440 nm
(GSO) or A =~ 395 nm (GPS), where, as was said
above, the matrix has an optical transmittance of
about 80-90%.

At a dose rate of 0.2 Mrad/h and the light wave-
lengths A > 440 nm (for GSO) or A > 395 nm (for

Table 1. Relative light yield L, for the composite
scintillators on the basis of GSO grains at the dose
D (Mrad) after the irradiation at a dose

rate of 1500 Mrad/h

D Lienn Ay Lic2 Ao
0 1.00 0.05 1.00 0.05
5 1.00 0.05 0.79 0.04
10 1.03 0.05 0.8 0.04
15 1.03 0.05 — —
20 1.00 0.05 - —
30 0.98 0.05 0.62 0.03
50 1.00 0.05 0.67 0.03
70 1.03 0.05 0.62 0.03
90 0.97 0.05 0.65 0.03
100 0.97 0.05 0.66 0.03
110 0.94 0.05 0.66 0.03
130 0.92 0.05 0.63 0.03
150 0.88 0.04 0.65 0.03
160 0.88 0.04 0.62 0.03
170 0.90 0.05 0.61 0.03
200 0.92 0.05 0.55 0.03
225 0.92 0.05 0.60 0.03
250 0.94 0.05 0.46 0.02

L,y and Lyejo are the relative light yields of a single-layer
composite, scintillator, and a composite scintillator 4 mm in
height, respectively, on the basis of GSO grains GSO grains
(in rel. units); A1 and Ag are errors for Ly and Lyejo, res-
pectively (in %).
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GPS), the optical transmission coefficient 7' decreases
less than twice even after the irradiation to the dose
D = 200 Mrad. For example, at A = 500 nm, which
corresponds to the transmission band of pure gel-
compositions, the T-values for a single-layer scintilla-
tor and a scintillator 4 mm in thickness, which both
contain GSO grains, equal 33-51% and 11-15% or,
equivalently, 42 + 9% and 13 + 2%, respectively. For
GSO and at an dose rate of 1500 Mrad/h, the val-
ues of T at A = 500 nm for a single-layer scintillator
and a scintillators 4 mm in height equal 30-48% and
11-15% or 39 +9% and 13 4+ 2%, respectively. At the
same time, for the scintillators containing GPS grains
and irradiated at a rate of 0.2 Mrad/h, the values of
T (also at A = 500 nm) for a single-layer scintillator
and a scintillator 4 mm in height equal 39-52% and
11-17% or, equivalently, 45.5 & 6.5% and 15 &+ 4%,
respectively.

The measurement results obtained for the relative
light yield L,e of the composite scintillators on the
basis of GSO and GPS grains grains before and af-
ter the irradiation are quoted in Tables 1 and 2. The
value of the light yield before the irradiation was se-
lected as a reference.

According to the data in Tables 1 and 2, the value
of L, is not changed substantially with the dose
growth up to D = 200 Mrad. This fact testifies to
a high radiation resistance of the composite scintilla-
tors on the basis of GSO and GPS grains.

The values measured for the relative light yield L,
and quoted in Tables 1 and 2 demonstrate that the
composite scintillators on the basis of GSO and GPS
grains are radiation-resistant to doses not less than
250 and 200 Mrad, respectively, at dose rate of 1500
and 0.2 Mrad/h, respectively.

Tables 1 and 2 also show that, after the irradiation
at a rate of 1500 or 0.2 Mrad/h, the relative light
yield Ly > 0.5. According to Table 1, the average
value of L, has a weak tendency to decrease with
an increase of the exposure dose D for the composite
scintillators with GSO and GPS grains. This circum-
stance proves that, as the dose D grows, the effect of
irreversible damage to luminescence centers becomes
more and more important, and L. can be lower than
0.5 for higher doses (D > 250 Mrad). Table 2 shows
that the data obtained for a dose rate of 0.2 Mrad/h
have a wider spread of L.q-values than for a dose
rate of 1500 Mrad/h. Therefore, the composite scin-
tillators on the basis of GSO or GPS grains are
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radiation-resistant. Our results prove this statement
for D > 200 Mrad (at a dose rate of 0.2 Mrad/h)
and D > 250 Mrad (at a dose rate of 1500 Mrad/h),
respectively.

From Tables 1 and 2, one can see that the values
of the relative light yield L, may fluctuate with the
growth of the dose D. This behavior correlates with
the results obtained for the optical transmittance T’
and described above. Such fluctuations may arise be-
cause the radioluminescence of a scintillator, whose
luminescence centers are damaged by the irradiation,
cannot be described by a monotonically decreasing
function, since the properties of a scintillation mate-
rial after its irradiation are changed not only owing
to the irreversible destruction of its matrix substance,
but also under the influence of other factors emerg-
ing as a result of the irradiation. Proceeding from
the importance of this issue for the understanding of
the mechanisms governing the radiation resistance of
scintillators, we will consider it separately in Section 6
devoted to a comparative analysis of the characteris-
tics of the composite scintillators containing grains of
various single crystals.

5.2. Al O3:Ti-based composite scintillators

Crystals on the basis of Al,O3 doped with Ce, Pb,
Ca, T1, Ti, and so forth are widely used, as modern
laser materials, in thermoluminescent researches and
radiation protection dosimetry; they were also pro-
posed to be used in methods aimed at revealing the
Dark Matter; and so on [23-33]. The light yield of
a Ti-activated crystal approximately amounts to 0.3
times the light yield of a CsI: Tl single crystal. The de-
cay time of the luminescence in Ti-activated crystals
equals about 3.4 us [30].

According to the results of work [33], AloO3:Ti
crystals have a wide absorption band with a max-
imum at A = 490 nm and a strong absorption in
the UV interval near 300 nm with a shoulder of
240 nm, which is associated with Ti3*-Ti*t pairs
(see below). The authors of work [33] reported that
the light excitation at the wavelength Aoy = 232 nm
(or 266 nm) stimulates the photoluminescence in the
spectral interval A = 400+-410 nm. The maxima in
the spectra of this photoluminescence may corre-
spond to the light wavelengths A\,ax = 420 [23,26,29],
425 [24, 25], and 430 nm [27, 28, 31]. This lumines-
cence is generated by the centers containing Ti*t
ions, i.e. when a Ti** Ti gives up one (the Ti**-
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F* center) or two (the Ti**-F center) electrons to
an oxygen vacancy. The luminescence associated with
defects in Al;Og : Ti crystals is often called “blue-band
luminescence” |29, 31]. Ti** ions provide the near-
infra-red (IR) luminescence in a spectral interval of
650-800 nm with a maximum close to 750 nm [23—
25,30-33|. As a rule, this is a result of the 2Ey —2 Ty
transition 31, 33].

The excitation of the composite scintillators on
the basis of Al,O3:Ti grains by light with Aex =~
~ 490 nm stimulates the luminescence at the wave-
length A\payx = 725 nm (luminescence of Ti** ions)
[34]. The irradiation of the composite scintillators
containing Al;Ogs:Ti grains on a linear accelerator
did not result in a variation of photoluminescence
spectra in a band of 725 nm. At the same time, a sub-
stantial change of photoluminescence spectra in the
blue band (310-600 nm) was observed at the excita-
tion by light with a wavelength of 230 or 260 nm. Let
us consider this case in more details.

Table 2. Relative light yield L,¢;

for the composite scintillators on the basis

of GSO and GPS grains at the dose D (Mrad)
after the irradiation at a dose rate of 0.2 Mrad/h

D | Lienn | A1 | Lraz | A2 | Lyaz | Az | Lras | Aa
0| 1.00 | 0.05| 1.00 | 0.05 | 1.00 | 0.05 | 1.00 | 0.05

5] 1.00 | 0.05 | 1.01 | 0.05 | 0.75 | 0.04 | 0.78 | 0.04
10| 0.94 | 0.05 | 1.05 | 0.05 | 0.63 | 0.03 | 0.92 | 0.05
15| 1.00 | 0.05 | 1.00 | 0.05 | 0.53 | 0.03 | 0.67 | 0.03
20| 0.94 | 0.05| 1.04 | 0.05 | 0.48 | 0.02 | 0.63 | 0.03
30 | 1.02 | 0.05| 0.82 | 0.04 | 0.88 | 0.04 | 0.78 | 0.04
35| 0.92 | 0.05| 0.87 | 0.04 | 0.78 | 0.04 | 0.74 | 0.04
50 | 1.31 | 0.07 0.8 0.04 | 1.05 | 0.05 | 0.76 | 0.04
75 | 1.10 | 0.06 | 0.96 | 0.05 | 0.91 | 0.05 | 0.73 | 0.04
90 — — 0.95 | 0.05 | 0.95 | 0.05 | 0.67 | 0.03
110 | 1.16 | 0.06 | 0.83 | 0.04 | 0.95 | 0.05 | 0.73 | 0.04
130 — - 0.83 [ 0.04 | 0.92 | 0.05 | 0.92 | 0.05
150 | 1.00 | 0.05 | 0.97 | 0.05 | 0.80 | 0.04 | 0.84 | 0.04
175 - - 0.69 [ 0.04 | 0.83 | 0.04 | 0.46 | 0.02
200 | 0.96 | 0.05 | 0.51 | 0.03 | 0.80 | 0.04 | 0.52 | 0.03

Lye11 and Lyejo are the relative light yields of a single-layer
composite, scintillator, and a composite scintillator 4 mm in
height, respectively, on the basis of GSO grains (in rel.
units); Lyeis and Lyeq are the relative light yields of a single-
layer composite scintillator and a composite scintillator 4 mm
in height, respectively, on the basis of GPS grains (in rel. units);
A1, Ao, As, and Ay are the relative errors for Lye11, Lrel2,

Lya13, and Lyelq, respectively (in %).
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The luminescence peak at A = 425 nm, which can
be observed in the spectra of AlyO3:Ti single crys-
tal, is absent for the composite scintillators. The lu-
minescence with a maximum at A = 425 nm is usu-
ally associated with the luminescence of Ti*t ions
[23, 29, 31, 33]. Therefore, this fact may mean that,
when the single crystal is crushed and, hence, de-
formed, a transition from Ti*t to Ti3T can take place.

For the scintillators irradiated at a dose rate of
1500 Mrad/h, the following results were obtained. In
a spectral interval of 310-350 nm, when the irradi-
ation dose D grows, the luminescence intensity in-
creases, if D < 350 Mrad, decreases, if 350 Mrad <
< D <450 Mrad, and increases again, if 450 Mrad <
< D < 550 Mrad.

In a spectral interval of 380-500 nm, the situa-
tion is changed. At D < 350 Mrad, the intensity
of the composite scintillator luminescence consider-
ably increases with D and reaches the luminescence
level of a single crystal. For doses 350 Mrad < D <
< 550 Mrad, the luminescence intensity decreases
with the growth of D to the luminescence intensity
for a non-irradiated specimen.

In a spectral range of 500-600 nm, the lumines-
cence intensity decreases (at D < 350 Mrad) and
then increases (at 350 Mrad < D < 550 Mrad) with
the growth of D. In the IR interval, the lumines-
cence intensity first increases with the growth of D
to D = 450 Mrad and then falls down.

At the irradiation of scintillators at a dose rate of
0.2 Mrad/h, the following results were obtained. The
luminescence intensity within an interval of 310—
350 nm was found to fluctuate with the growth of
D. In an interval of 380-500 nm (Apmax = 455 nm),
the luminescence intensity increases by several times,
as the accumulated dose D grows, and approaches the
luminescence intensity of a single crystal. In the 500—
600-nm and IR-intervals, the luminescence intensity
decreases with the growth of D.

Hence, no monotonic dependence on the accumu-
lated dose D is observed in a spectral interval of 300
800 nm at an dose rate of 1500 or 0.2 Mrad/h. The
following fact is a common feature of the dependences
for both radiation doses. The luminescence intensity
in the blue luminescence band drastically increases
firstly, as the dose D grows, but afterward, it ceases
to grow or even considerably decreases. This lumi-
nescence is associated with centers containing Ti**
ions. With the growth of D, the luminescence in-

576

tensity in the IR interval firstly falls down and af-
terward insignificantly increases. The luminescence is
provided by Ti?>* ions.

The only plausible explanation for all that is as
follows. At low D-values, the formation of centers
containing Ti*" ions that arise at the ionization of
Ti3* ones dominates. As a result, the concentration
of those centers increases, and the probability of a
direct irradiation action on them also increases. In
other words, the growth of the dose D gives rise not
only to an increase of the ionization probability for
Ti3* ions, but also to an increase of the destruction
probability for the centers containing Ti*t ions. The
irradiation can stimulate the transition between Ti%*
and Ti** ions and, at large irradiation doses, also the
reverse transition from Ti** to Ti3t.

In the interval A > 400 nm corresponding to the
transparency interval of a gel-composition and the
luminescence interval of Al,Og:Ti, the value of the
optical light transmittance T" was not changed more
than twice, even after the irradiation to a dose of
550 Mrad. The optical transmittance for the compos-
ite scintillators containing AlyOgz:Ti grains, as well
as for scintillators on the basis of GSO and GPS
grains, reveals stochastic fluctuations caused by mod-
ifications in the properties of a scintillation material
under the irradiation. For instance, in the radiolumi-
nescence interval A = 725 nm, the optical transmit-
tance of a single-layer scintillator AloOgz:Ti at dose
rates of 1500 and 0.2 Mrad/h amounts to 46-63% and
45-60%, respectively or, equivalently, 54.5+8.5% and
52.5 + 7.5%, respectively.

The dependence T'(\) at A < 390 nm is similar to
that typical of the gel-composition with a minimum at
A =~ 310 nm. However, this minimum is not unique for
this dependence; there is also a minimum in a band of
480-500 nm, which emerges owing to the absorption
of Ti** ions in the crystals or AlyOg: Ti grains.

In work [34], the light yield of an AlyOs:Ti sin-
gle crystal 1.5 mm in thickness, which we used as
a reference scintillator, amounted to about 900 pho-
ton/MeV. For the composite scintillators containing
Al;,Og3:Ti grains 0.3-0.5, 0.5-1.0, and 1.5-2.0 mm
in size, the light yields amounted to 670, 690, and
620 photon/MeV, respectively, before the irradiation.

The results of measurements of the relative light
yield L, for the composite scintillators on the basis
of Al;O3:Ti grains obtained before and after the ir-
radiation at dose rates of 1500 and 0.2 Mrad/h are
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quoted in Tables 3 and 4, respectively. According to
the tabulated data, the composite scintillators sat-
isfy the requirements to radiation-resistant scintil-
lators, because their relative light yield L.e is not
changed substantially (L;e > 0.5) with the growth
of D to D = 550 and 125 Mrad at dose rates of
1500 and 0.2 Mrad/h, respectively. The tables also
demonstrate that the average value of L. has a weak
tendency to decreasing with the growth of the accu-
mulated dose D for the composite scintillators with
Al;O3:Ti grains. The decrease of L, with the in-
crease of D testifies that the damaging effect to lu-
minescence centers in grains increases under the ir-
radiation. Table 3 definitely shows that L., can be
lower than 0.5 at higher doses (D > 550 Mrad). In
Table 4, it is shown that the data obtained at a dose

Table 3. Relative light yield L, for the composite
scintillators on the basis of grains at the dose D (Mrad)
after the irradiation at a dose rate of irradiation

at a dose rate of 1500 Mrad/h

D Lrenn Ay Lici2 Ag Lias As
0 1.00 0.05 1.00 0.05 1.00 0.05

5 1.00 0.05 1.01 0.05 1.00 0.05
10 0.95 0.05 0.97 0.05 0.96 0.05
20 1.02 0.05 0.97 0.05 1.08 0.05
30 0.96 0.05 0.97 0.05 0.99 0.05
70 0.71 0.04 0.79 0.04 0.71 0.04
100 0.88 0.04 0.87 0.04 0.94 0.05
110 0.91 0.05 0.95 0.05 0.94 0.05
120 1.01 0.05 0.88 0.04 0.77 0.04
140 0.81 0.04 0.83 0.04 1.05 0.05
170 0.77 0.04 0.80 0.04 0.90 0.05
180 0.99 0.05 0.83 0.04 0.73 0.04
190 0.51 0.03 0.76 0.04 0.82 0.04
200 0.74 0.04 0.75 0.04 0.72 0.04
230 0.74 0.04 0.77 0.04 0.73 0.04
250 0.70 0.04 0.70 0.04 0.84 0.04
280 0.91 0.05 0.80 0.04 0.67 0.03
300 0.70 0.04 0.76 0.04 0.76 0.04
350 0.73 0.04 0.72 0.04 0.74 0.04
400 0.71 0.04 0.70 0.04 0.74 0.04
450 0.67 0.03 0.49 0.02 0.64 0.03
500 0.57 0.03 0.52 0.03 0.51 0.03
550 0.50 0.03 0.52 0.03 0.59 0.03

rate of 0.2 Mrad/h demonstrate a faster reduction of
the L,q-value in comparison with the data obtained
at a dose rate of 1500 Mrad /h.

The research results quoted in Tables 3 and 4 show
that the relative light yield L, can fluctuate with
the growth of D. Those results reproduce the results
obtained for the scintillators on the basis of GSO and
GPS grains. Processes which can be responsible for
this effect will be considered in Section 6.

5.3. YSO- and YAG-based
composite scintillators

The light yield of an YSO single crystal is taken to
equal 9200-10000 photon/MeV. The decay time for
YSO single crystals amounts to 42 ns [35]. The light
yield of an YAG single crystal is taken to equal 9000—
11000 photon/MeV. The decay time for YAG single
crystals amounts to 120 ns [36].

Luminescence excitation maxima for the composite
scintillators on the basis of YSO and YAG grains are
located in wavelength intervals of 340-360 and 440-
460 nm, respectively. The wavelengths at the lumi-
nescence maximum for the YSO and YAG compos-
ite scintillators amount to 415 and 535 nm, respec-
tively [37]. Photoluminescence spectra for the com-
posite scintillators containing YSO or YAG grains
did not change their shape before and after the ir-
radiation. The result obtained testifies that no new
luminescence centers appeared under the irradiation.

Table 4. Relative light yield L, for the composite
scintillators on the basis of grains at the dose D (Mrad)
after the irradiation at a dose rate of irradiation

at a dose rate of 0.2 Mrad/h

D Lyen Ay Lye12 Ao Lyais Az
0 1.00 0.05 1.00 0.05 1.00 0.05

5 0.70 0.04 0.64 0.03 0.68 0.03
10 0.49 0.02 1.05 0.05 1.21 0.06
15 0.96 0.05 1.05 0.05 1.15 0.06
50 0.51 0.03 0.53 0.03 0.55 0.03
70 0.62 0.03 0.60 0.03 0.65 0.03
100 0.51 0.03 0.56 0.03 0.63 0.03
125 0.60 0.03 0.60 0.03 0.69 0.03

Lye11, Lyel2, and Lye3 are the relative light yields of a single-
layer composite scintillator on the basis of AlaO3:Ti grains
0.3-0.5, 0.5-1.0, and 1.5-2.0 mm in size, respectively (in rel.
units); A1, Ag, and Az are the relative errors for Lyei1, Lrel2,
and Lrel3 (in %)
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Lyel1, Lrel2, and Lyq 3 are the relative light yields of a single-
layer composite scintillator on the basis of AlaO3:Ti grains
0.3-0.5, 0.5-1.0, and 1.5-2.0 mm in size, respectively (in rel.
units); A1, Ag, and Az are the relative errors for Lyei1, Lyel2,
and Lrel3 (in %)
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The optical transmission coefficient for the compos-
ite scintillators on the basis of YSO and YAG grains
at least 4 mm in height, for doses up to D = 150 Mrad
and at a dose rate of 1500 Mrad /h, amounts to 9-13%
(i.e. 11 + 2%) for YSO in its luminescence interval
A =415 nm and to 11-13% (i.e. 12+ 1%) for YAG
in its luminescence interval A = 535 nm.

In Table 5, the results of measurements of the rela-
tive light yield L, obtained for the composite scintil-
lators on the basis of YSO and YAG grains before and
after the irradiation at a dose rate of 1500 Mrad/h
are quoted. One can see that L., changes by less
than two times with the growth of the accumulated
dose D. This fact makes it possible to claim about
a high radiation stability of the composite scintil-
lators on the basis of Y2SiO5:Ce and Y3Al5015:Ce
grains. These composite scintillators are radiation-
resistant to doses not lower than 150 Mrad at a dose
rate of 1500 Mrad /h. Similarly to the composite scin-
tillators considered above, no monotonic dependence
of L,q on the accumulated dose D was observed.

6. Possible Mechanisms
of Radiation-Induced Damage to Scintillators

As one can see from Tables 1 to 5, the values of the
relative light yield L,e can fluctuate with the growth
of D. These fluctuations have a stochastic component
and mimic the behavior of the optical transmittance
T. Such fluctuations can emerge owing to the fact
that radioluminescence of a scintillator, whose lumi-
nescence centers are damaged by the irradiation, can-
not be described by a monotonically decreasing func-
tion, because the parameters of a scintillation mate-

Table 5. Relative light yield L,¢;

for the composite scintillators on the basis

of YSO and YAG grains at the dose D (Mrad)
after the irradiation at a dose rate of 1500 Mrad/h

D chll Al chlQ AQ
0 1.00 0.05 1.00 0.05
50 1.06 0.05 0.87 0.04
100 1.15 0.06 0.86 0.04
150 1.11 0.06 0.85 0.04

Lye;1 and Lyeo are the relative light yields for the composite
scintillator on the basis of YSO and YAG grains, respecti-
vely, (rel. un.); A; and Ag are the absolute values of errors
for Lye;1 and Lyeo, respectively, in percents of the relative
light yield.
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rial after the irradiation change not only as a result to
an irreversible damage to its matrix, but also under
the influence of secondary factors arising due to the
irradiation.

Therefore, each of the dependences of the rela-
tive light yield L,., the optical transmittance T,
and others on the irradiation dose D has to include
a stochastic component. Such stochastic components
may originate from the material activation, modifi-
cation of luminescence centers, change of the decay
efficiency of impurity centers and ions, and short-
term damage of luminescence centers in grains with
their further quick restoration. Certainly, the ability
of the material to restore its parameters after the
irradiation will permanently decrease, as the dose
D increases, because the restoration will not always
keep pace with the damage of luminescence centers
in grains, when the dose becomes more consider-
able. This means that, for a true radiation-resistant
scintillator with very rapid efficient restoration at
higher doses D, the relative light yield L., and the
light transmittance T' must slowly decrease with the
growth of the accumulated dose D.

Let us consider two possible processes. In the first
case, all scintillation materials contain defects, im-
purity ions, molecules, and others, which can cre-
ate levels in the crystal energy spectrum that corre-
spond to decay centers. The irradiation destroys and
changes not only the matrix, but the decay centers as
well. As aresult, the luminescence intensity may grow
for a while because of a decrease in the luminescence
decay efficiency in grains. A characteristic feature of
this process consists in that, so long as the scintilla-
tor is luminescent, the luminescence spectrum is not
changed irrespective of the D-value, because new lu-
minescence centers do not appear.

The alternative process has a different origin. Let
molecules, ions, and so forth belonging to primary
luminescence centers of type A are damaged by the
irradiation, so that centers of type B emerge. If
the latter are new luminescence centers with a
light yield higher than that for A-centers, the lu-
minescence intensity of the scintillator grows after
the irradiation during the B-center existence time
and should decrease afterward [13]. The processes
of this type include those, for which both direct
and reverse irradiation-induced transitions between
the main centers and the radiation-induced ones are
possible.
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Hence, there are two possible scenarios for the de-
velopment of processes after the irradiation, which
can be responsible for the stochastic component of
luminescence intensity fluctuations. In the first case,
the luminescence spectrum of a scintillator does not
change its shape for various doses D, because new
luminescence centers are absent. The alternative pro-
cess is governed by a change of luminescence centers
under the irradiation and should give rise to the vari-
ation of luminescence spectral characteristics.

In the examples presented above, only one of those
processes was observed under the action of ioniz-
ing radiation, and this process is characteristic of
a specific material. For organic scintillators, changes
in their luminescence spectra are observed, and
those systems are relatively not radiation-resistant
(to 0.5 Mrad for organic crystals [13], 10 Mrad for
plastic scintillators [13,16,19], and 30 Mrad for scin-
tillators on the basis polydimethyl-co-diphenylsilo-
xane and polymethylphenyl-co-methylhydrosiloxane
[16]). However, if ultralow concentrations of organic
luminophore molecules are introduced into those ma-
terials, their radiation resistance increases; in par-
ticular, in the case of POPOP, to 105-110 Mrad
and, in the case of p-terphenyl, to not lower than
170 Mrad). At the same time, for inorganic scin-
tillators, the variation of their luminescence spec-
tra can be either observed (Al;O5:Ti) or not
(GSO, GPS, YSO, YAG). Let us consider each case
separately.

In organic scintillators, the luminescence spectrum
can be shifted, because those systems contain ben-
zene rings (they are responsible for the lumines-
cence). Under the ionizing radiation, those rings are
destroyed. The probability of their restoration is low.
This process worsens the optical properties of the
matrix. At the same time, however, a new organic
molecule luminescent in another spectral interval can
be formed.

Under the irradiation, the composite scintillators
on the basis of inorganic Al;Os:Ti grains change
the shape of their luminescence spectra. At a dose
rate of 1500 or 0.2 Mrad/h, no monotonic depen-
dence on the accumulated dose D is observed in the
luminescence spectral interval (300-800 nm). At the
same time, in the blue luminescence band, the lu-
minescence intensity firstly drastically increases with
D and, afterward, saturates or even considerably de-
creases. This luminescence is associated with centers
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containing Ti**t ions. As the dose D increases, the
luminescence intensity in the IR interval (this lumi-
nescence is associated with centers containing Ti%*t
ions) firstly decreases and, afterward, either slightly
increases or its reduction is slowed down.

Those facts bring us to a conclusion that, at low
D-values, the formation of centers containing Ti**+
ions, which arise at the ionization of Ti3* ones, is a
dominating process. Thus, the concentration of cen-
ters containing Ti** ions grows, and the probabil-
ity of a direct action of the irradiation on those cen-
ters increases. Higher D-doses increase the probabil-
ity of the Ti®t ionization. The probability of the de-
struction for the centers containing Ti*t ions also
increases. Under the irradiation, the latter process
can give rise to the reverse transition from Ti*t
to Ti3*.

For Al;Og3: Ti-based composite scintillators under
the ionizing radiation, not only a modification of the
spectral characteristics, but also other processes as-
sociated with the destruction of luminescence centers
can be observed.

For the composite scintillators on the basis of inor-
ganic GSO, GPS, YSO, and YAG grains, the other
scenario is realized. The luminescence spectrum of
those systems is not changed with D. The lumines-
cence grows, only if the decay centers are regener-
ated. As a result, after this time interval, the lumines-
cence intensity should diminish through the restora-
tion of the decay efficiency. The energy levels of those
centers are located in the forbidden gap of the en-
ergy spectrum of single-crystalline grains. Hence, it
is those centers that mainly affect the transmission
coefficient T'. The modification of luminescence pa-
rameters is caused by a radiation-induced damage
to grains of a scintillation material. However, the
self-restoration accompanies all processes. As a re-
sult, we obtain a complicated variation of scintillator
properties.

Hence, as was marked above, the variation of the
relative light yield L, that arises at the irradia-
tion to various doses D should have a stochastic
component. This component emerges as a result of
changes in the decay efficiency for impurity centers
and ions, as well as due to the temporary damage to
the luminescence centers in grains with their further
rapid restoration. At higher doses, when the param-
eter D grows, the radiation resistance of the mate-
rial will gradually decrease against the background
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of stochastic fluctuations associated with secondary
processes, until the damage effect for luminescence
centers becomes a restrictive factor, and the processes
of granule restoration cannot save the situation any
more.

The composite scintillators on the basis ofs GSO
and GPS granule demonstrate that, after the irra-
diation at dose rates of 1500 and 0.2 Mrad/h, the
relative light yield L., > 0.5. The corresponding av-
erage L,e-value has a weak tendency to decrease with
the growth of the dose D for the composite scin-
tillators with both GSO and GPS grains. This fact
proves that, with the growth of D, the damage effect
to luminescence centers becomes more and more im-
portant, and, at higher doses (D > 250 Mrad), Ly
can be lower than 0.5. The data obtained at a dose
rate of 0.2 Mrad/h have a larger spread of L. -values
than for a dose rate of 1500 Mrad/h. Hence, the
composite scintillators on the basis of GSO or GPS
grains are radiation-resistant. The results obtained
for D > 200 Mrad (at a dose rate of 0.2 Mrad/h)
and D > 250 Mrad (at a dose rate of 1500 Mrad/h)
confirm this statement.

Proceeding from the aforesaid, it is impossible to
determine at once, which of the mechanisms will be
observed in that or another scintillator. This issue has
to be analyzed in every separate case. At the same
time, the criterion associated with modifications in
the luminescence spectrum shape or its invariance
with the growth of D can be taken as proved.

7. Conclusions

To summarize, the following results have been ob-
tained, while studying the radiation resistance of
composite scintillators:

¢ the on the basis of grains of organic single crystals
are not not radiation-resistant to a dose of 1 Mrad;

e the scintillators on the basis of GSO: Ce and
GPS: Ce grains are are radiation-resistant to doses
not lower than 250 Mrad;

e the scintillators on the basis of AloOg3:Ti grains
are grains are radiation-resistant to doses not lower
than 550 Mrad;

e the scintillators on the basis of YSO: Ce and
YAG: Ce grains are are radiation-resistant to doses
not lower than 150 Mrad.

The introduction of POPOP and p-terphenyl in ul-
tralow concentrations into Sylgard-184 showed that
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it is possible to obtain radiation-resistant materials
with a shift of the luminescence spectrum in gel-
compositions. Those materials can be used for the
creation of light guides. They are radiation-resistant
to doses not lower than 110-170 Mrad.

Possible processes of radiation-induced changes
arising in scintillators under the irradiation and their
mechanisms are proposed and studied. The influence
of those processes on the radiation resistance is an-
alyzed. All crystalline scintillation materials contain
defects, which can play the role of either lumines-
cence or decay centers. The irradiation destroys and
changes not only the matrix, but those centers as
well. As a result, the luminescence intensity can grow
for a while. In this case, the luminescence spectrum
of a scintillator does not change its shape under var-
ious doses D, because no new luminescence centers
are generated. Another process is associated with the
change of luminescence centers. It should result in
a modification of the luminescence spectral charac-
teristics.

For organic scintillators, the irradiation-induced
changes manifest themselves in a modification of the
luminescence spectral parameters. In the composite
scintillators containing grains of inorganic crystals,
the variation of luminescence spectral characteristics
either can (AlxO3: Ti) or cannot (GSO: Ce, GPS: Ce,
YSO: Ce, and YAG: Ce) take place. Therefore, in or-
der to identify the possible processes giving rise to
radiation-induced changes in scintillators, it makes
sense to carry out such spectral researches before and
after the irradiation.
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Ye.V. Martynenko, and T.Ye. Gorbachova for the
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spectra.
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KOMIIO3UIINHI CIIUHTUJIATOPU
TA OCOBJIMBOCTI IX PAIIALIIMHOT
CTIMKOCTI

Peszmowme

VY gaHuil 4ac KOMHIO3MIHHI CHMHTUISATOPU 3HAXOAATH 3aCTO-
CyBaHHS JIJIsT BUPINIEHHs BCe OLIBIN IMIMPOKOIrO KOJa 3aaad Je-
TEKTYBaHHS 10HI3yIOUYHX BUIIPOMIHIOBaHb, aJ»Ke KOMIIO3UIIHHI
CUMHTHJISITOPY MalOTh HU3KY Il€peBar y NOPIiBHAHHI 3 IHIIMMUA
CUMHTHJISIIAHUMU MaTepiajaMu. 3 BUHUKHEHHSIM HOBOI I'eHe-
palil IpUCKOPIOBadiB, paJialiiidii HaBaHTAXKEHHS HA JETEKTO-
p¥ B IUX MPUCKOPIOBAYaX CYTTEBO 30LibInminck. Ile 3ymoB-
JIIO€ OCOOJIMBY BasKJIMBICTD MOIIYKY HOBUX pPaJiariiiHO-CTINKIX
CUMHTHJISIIAHUX MaTrepiasis. Hamu 6y10 3anponoHOBAHO BH-
KOPHUCTOBYBAaTH KOMIIO3MIIIIIHI CIIUHTUJIATOPH, AK paJialiiiHo-
criiiki MaTepiasn. Haitbiypi BaXKInBUM € Te, 1110 IICIIsI OIIPpOMi-
HEHHsI XapaKTEePUCTUKU CIMHTHUJISIIIAHOIO MaTepiajly MOXKYThb
cyTTeBO 3MiHIOBaTHC. MeToro 11iel poboTu 6y10 BUBYEHHS OCO-
OMBOCTENl MOXKJIMBHAX paJialnilHUX pyHHYyBaHb Ta II€PETBO-
pPeHb y KOMIIO3UIIHHUX CIHUHTUJISATOPAX IiJ Ji€io ioHizyrouo-
ro BUIpoMiHIOBaHHA. [IpoBegeHO MOPIBHAIBHUI aHaJji3 BigHO-
CHOT'O CBITJIOBOI'O BHXOJY, IIPO30POCTI 1 CIIEKTPiB JIFOMiHECIIEH-
il B 3aJIe2KHOCTI BiJl HAKOIMYEHO! MO3U JJIsi KOMHIO3UIIMHUX
CIIMHTUJISITOPIB, 1[0 MiCTATH I'PaHy/Id OpraHidYHUX abo Heopra-
mivanx monokpucranais (GdzSiOs: Ce (GSO), Gd2SizO7: Ce
(GPS), Al203:Ti, Y2SiO5:Ce (YSO) Ta Y3Al5012:Ce
(YAG)). B pobori 6y0 mOCTiIXKEHO Ta 3aIpPOIIOHOBAHO MO-
JKJIUBI MeXaHi3MU i IpoIiecu pa iialiifHux 3MiH, siKi BAHUKAIOTH
B CUMHTHJITOPAX BHACJIJIOK ONPOMiHEHHs, OCKIJIbKM BOHU
BIUIMBAIOTh Ha paJialliiiHy CTifKiCTh KOMIIO3UI[IHHUX CIUHTH-
JISITOPIB.
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